Abstract. This paper is devoted to investigating the inelastic displacement spectra compatible with Iran. Owing to inadequacy of code-compliant elastic design spectra to predict structural damage during sever earthquakes, di erent approaches are proposed to overcome this problem. Inelastic design spectrum is one of the most well-known methods introduced by researchers. In practice, attenuation relationships can be used in probabilistic seismic hazard analysis to obtain the inelastic design spectrum. In this paper, a new Ground Motion Prediction Equation (GMPE) has been proposed for inelastic spectral displacement. In this regard, 806 horizontal ground motions are utilized with magnitudes ranging from 4 to 7 and epicentral distances less than 200 Km, which are obtained from 330 earthquakes in Iran. According to the tectonic condition, Iran zone can be divided into two parts: Zagros and Alborz-central Iran. However, three equations have been presented for the whole country zone, Zagros and Alborz-central Iran zones, separately. The main parameters such as earthquake magnitude, site-source distance, and site conditions have been related to the inelastic spectral displacement. Based on average shear wave velocity to a depth of 30 m, sites have been categorized into three classes. For the purpose of practicality, simpli ed equations have been proposed to predict inelastic spectral displacements in Iran.
Introduction
Currently, elastic design spectra, considered as an important part of earthquake engineering, are widely used in design process of structures. However, during severe earthquakes, structures do not remain elastic and behave inelastically. It is obvious that, generally, designing structures to remain elastic at moderated and high risk levels is not economically reasonable.
Most seismic design provisions allow structures to behave inelastically and dissipate earthquake input energy through hysteretic behavior of their structural elements during moderate and sever earthquakes.
Elastic design spectrum has many limitations such as predicting structural damage during severe earthquakes and considering the e ects of inelastic behavior on seismic demand of structures. Inelastic spectrum compared to the elastic spectrum has two main advantages: (a) energy absorption due to hysteretic behavior and (b) increase of structural period due to decrease of lateral sti ness [1] , as shown in Figure 1 . Tothong and Cornell [2] proposed an empirical ground motion attenuation relation to estimate the inelastic displacement ratio. Unlike the previous studies, such as those were conducted by RuizGarc a and Miranda [3, 4] and Miranda [5] , Tothong and Cornell [2] proposed a new equation for inelastic displacement ratio as a function of earthquake magnitude. They used 291 strong ground motions from 28 historical earthquakes with moment magnitudes of 5.65{7.9.
Tothong and Cornell [2] proposed a model that included these steps: At rst, elastic displacement could be estimated by use of elastic Ground Motion Perediction Equation (GMPE). At the second step, inelastic displacement ratio would be obtained by the proposed equation. Finally, inelastic displacement could be estimated by multiplying the values of the rst and second steps. Their equation can be used to estimate inelastic displacement of structures with known yield displacement (d y ).
Bozorgnia et al. [1] proposed a GMPE for inelastic response spectra. They used 3100 horizontal ground motions recorded in 64 earthquakes with moment magnitudes ranging in 4.3-7.9. Their results are based on constant ductility inelastic spectrum. The main advantage of the proposed equation is that the elastic response spectrum does not need to be computed. This paper introduces the steps to determine an attenuation relation for inelastic spectral displacement that could be used in both deterministic and probabilistic seismic hazard analyses [6] . To this end, a GMPE is developed for estimation of inelastic spectral displacement, in which computing the corresponding elastic response spectrum will not be mandatory. Furthermore, for the structures in which p e ects are negligible, the proposed relation could be used for calculating target displacement in pushover analysis. In this paper, the attenuation relations have been proposed di erent from those presented in previous models.
The main di erence is that most of the old models have been designed for oscillators with constant ductility [1;5] , while here we do not need to obtain a prespeci ed level of ductility in the design step [2] . However, the main objective is to evaluate the behavior of an oscillator with speci c structural characteristics such as F y . This new GMPE will be particularly useful in evaluating the performance of existing structures. Also, Ruiz-Garc a and Miranda [3] note that if the inelastic displacement ratio, which is obtained from a constant ductility spectrum, is used for evaluating inelastic displacement of systems with known lateral strength, the resulting values for the maximum response would be underestimated. This new investigation is in continuation of the previous research conducted by the second author on the subject of attenuation relationships in Iran [7, 8] .
Earthquake data and modi cations
The process of data selection depends on several parameters such as quality of records, magnitude, distance, site type, causative fault, etc. Based on device type, registered data in Iran are classi ed into two categories, analogue (SMA1) and digital classes (SSA2). Some of the registered data, which were recorded by analogue devices before 1994, have low quality and are disregarded in order to avoid any probable errors.
Nowadays, moment magnitude scale is used in ground motion prediction equations. One of the main reasons is the fact that it is not saturate in intense events. The moment magnitude scale of the most recent events has been reported in Iran's earthquakes catalogues, but it has not been reported for most events that occurred before 1994. Hence, in the proposed relation, the moment magnitude scale has been used and empirical relations are used in order to convert other magnitudes to the moment magnitude [9] [10] [11] . The magnitudes of the selected earthquakes range from 4 to 7.3.
Depending on whether the type of seismic source is point or nite, there are several criteria to measure source-to-site distance. Unfortunately, due to the lack of information about causative faults, only epicenter distance and focal depth parameters have been reported in Iran's earthquakes catalogues [12] . In order to obtain Hypocentral distance, researchers can use focal depth and epicenter values. Hypocentral distance is assumed to be the hypotenuse of a right triangle in which focal depth and epicenter distances are the other legs.
There are two main reasons why epicenter distance is used for determination of the distance between site and source, instead of hypocenter distance. First, for the events with M w 6, the rupture plane is small; hence, epicenter distance and r jb are the same [13] . Here, r jb is the shortest horizontal distance from the recording site to the vertical projection of the rupture plane.
Second, in calculating epicenter distance, it is not necessary to calculate earthquake depth because it may cause error [13] .
According to the mentioned notes and the fact that the magnitudes of a vast majority of available events are less than 6 (see Figure 2) , it is advised to use epicenter distance instead of hypocenter distance to measure source-to-site distance. In this paper, three separate attenuation relations are presented for the whole country (Iran), Zagros and Alborz-central Iran zones. Due to underestimation of some regression coe cients, Hypocentral distance is used in two later relations.
As shown in Figure 2 , events with magnitudes of 6.5 and over are rarely seen at distances less than 30 Km; hence, the proposed relations must be used with the special consideration at this situation. Figure 3 (a) shows the distribution of the selected records as a function of the type of the recording device. It is attempted to select the records that were registered by digital devices with higher quality. Site condition is one of the main factors that a ect earthquake parameters and it has signi cant in uence on all important properties of strong ground motion, such as amplitude, frequency content, and duration of ground motion. In uence of site condition on the mentioned parameters depends on geometry, speci cations of surface layers materials, site topography, and speci cations of input motion. Iran's regulation for seismic design of buildings [14] classi es sites into four categories based on average shear velocity measured up to the depth of 30 m (V 30 ). In order to make the proposed relations consistent with Iran's national regulations for seismic design of buildings [14] , conditions of sites are categorized based on average shear velocity measured up to the depth of 30 m [15] [16] [17] [18] , which is used according to Table 1 ( Figure 3(b) ).
Many studies have been carried out on Iran's tectonic conditions and its tectonic seismic provinces. One of them is Berberian's study, which divides the Iran zone into 4 large tectonic zones including Zagros, central Iran, Alborz, and Kopehdagh [19] . According to the studies conducted by the second author [7;8] , Iran is divided into two main zones: a) Zagros zone and b) Iran without Zagros zone, which is called Alborz-central Iran zone (Figure 3(c) ). In the Zagros zone, the frequencies of earthquake occurrence are higher than those in Alborz-central Iran zone, but their magnitudes are lower. Based on the mentioned notes, three separate attenuation relations are presented: (a) a relation for the whole Iran zone, (b) a relation for Zagros zone, and (c) a relation for Alborz-central Iran zone.
In Iran's earthquakes catalogues, the speci cations of causative faults have been registered only for a restricted number of records. For this, fault type and other related parameters are not considered in the proposed relations. After analyzing the Iranian strong motion dataset, 806 records from 330 earthquakes were selected.
Boore and Akkar [20] showed that the inelastic response of structures depends on lter frequencies, which are used in processing of strong-motion accelero- grams. Every record has been processed separately, because, unlike acceleration response spectrum, spectral displacement values are very sensitive to lter frequency. In order to process the recorded data, device type should be identi ed. Iran's earthquakes data have been recorded through two SMA1 and SSA2 devices. The recommended boundaries for correction frequencies were determined according to Ghodrati Amiri et al. [21] .
The baseline correction and both high-cut and low-cut lters are used for the correction purpose [22] . Type of the lter is acausal because Boore and Akkar [20] show that the values of inelastic displacement spectrum, which are modi ed by this lter type, show lower sensitivity to lter frequency. Records were processed by using USPD software [23] .
Response variable
The main object of this paper is preparation of a Ground Motion Prediction Equation (GMPE) for spectral values of inelastic displacements in Iran zone, since the data of events, which occurred in Iran, are used. Based on the reasons discussed in pervious sections, the calculated inelastic response spectrum is of the constant strength type. For this, inelastic displacement response spectrum was obtained for each earthquake record and strength reduction factors (R) of 1, 2, 4, 6, and 8. According to Figure 1 , strength reduction factor (R) is de ned as:
where F e is the elastic strength demand if the system remains elastic and F y is the yield strength. Constant strength spectrum for each record and the selected R are computed as follows:
1. De ne the ground motion, u g (t); 2. Select and x the damping ratio for which the spectrum is to be obtained; 3. Select interested value of period T n ; 4. Determine the response of linear system with T n and equal to the values selected. The peak elastic force, F e , is determined from response of linear system; 5. Determine the response (displacement) of an elastoplastic system with the same T n and and yield force F y = F e R ; 6. Repeat steps 1 to 5 for all of the interested periods.
Systems with single degree of freedom have a perfect elastoplastic hysteretic model with viscous damping ratio equal to 5% of critical damping, in which the sti ness and strength degradation in hysteretic behavior are not considered. For each selected record, inelastic displacement spectra are computed at 16 periods ranging from 0.06 to 4 sec. Figure 4 shows an example of constant-strength inelastic displacement response spectrum. Curve tness process is carried out by using the components which have maximum spectral displacement.
Ground motion prediction equation for inelastic spectral displacement
This paper attempts to present simple relations for inelastic spectral displacement. There are dozens of identi ed and unidenti ed parameters a ecting strong ground motion. In the proposed relations, it has been tried to consider these parameters based on available data and, regarding the fact that there is limited information about Iran's earthquakes, only the e ects of magnitude, distance, and site condition have been taken into account. Also, the in uence of tectonic condition is considered by dividing Iran zone into two sub-zones (Zagros and Alborz-central Iran).
A relation for the whole Iran zone
The format of the ground motion prediction equations is a ected by the information recorded in earthquakes catalogues. This means that the accuracy of these relations will be increased by adding more information related to earthquake causative fault and the geometry of rupture plane as well as other e ective parameters.
Here, due to the shortage of information, the relation has been derived as follows:
+ a 5 S s + a 6 S A + "; (2) in which Y is the earthquake parameter (inelastic [13] . " is a random error term with zero mean and standard deviation of T , which is derived from the following equation:
In Eq. (3), is the inter-event or between-earthquake standard deviation and is the intra-event or withinearthquake standard deviation.
The coe cients of a 1 to a 6 and standard deviations have been calculated for each strength reduction factor and period by using nonlinear mixed-e ects regression [24] . Mixed-e ects analyses are performed using R software [25] . Tables 2 to 7 show the values of the coe cients introduced in Eqs. (2) and (3).
Computing residual is the best way to investigate e ciency of the proposed relation. According to de nition, residual is the di erence between observed values and the values predicted by the model. Therefore, positive residual indicates underestimation and negative residual indicates overestimation by our model. Residuals (within group) as a function of distance and magnitude are shown for strength reduction factor, R = 8, in Figure 5 .
Based on observations, the residuals are not deviated and this proves that the format of the selected relation has covered the e ects of distance and mag- nitude appropriately. In order to further evaluate the proposed model, histograms of the residuals are plotted in Figure 5 for periods of 0.2 sec and 3 sec. Also, the normal distribution tted to residuals is shown. In Figure 5 , the values in parentheses are mean and standard deviation of the tted normal distribution. It can be seen that the residuals have a symmetrical bell-shaped histogram, which is evenly distributed around zeros. These indicate that the normality assumption is likely to be true. 
in which Y is earthquake parameter (inelastic displace- . The reason for this substitution is the fact that the estimated value of the coe cient of a 5 was low. The second di erence of Eq. (3) is the deletion of S A and considering both site types 2 and 3 as a group, i.e. soil site. Because numbers of available records are low in this region, both site types 2 and 3 are considered within one group of site conditions. Regression coe cient and standard deviation of Eq. (4) for each selected strength reduction factor are shown in Tables 8 to 13 . 
in which Y is earthquake parameter (inelastic displace- Figure 6 shows the decay of estimated inelastic spectral displacement at 0.06 sec and 1 sec of natural period with distance for M w = 5.5, 6, 6.5, and 7 at a rock site condition in Iran. This gure shows decay rate for short and long periods. Figure 7 shows the e ects of local site condition on inelastic spectral displacement in Iran zone for an event with moment magnitude of 6.5. Strength reduction factors are equal to 4 and 8 and sites are located at 20 km and 50 km from source. This gure shows that site condition has signi cant e ects on inelastic spectral displacement and, as expected, the values of displacement for soft soil site condition are higher than those for the other sites.
A numerical example of the ground motion prediction equation for inelastic displacement
Also, Figure 8 shows the e ect of strength reduction factor on inelastic spectral displacement. As shown in Figure 8 , by increasing the strength reduction in low periods range, the inelastic displacements increased. In contrast, in the range of long periods, by increasing the strength reduction factor, the values of inelastic displacement decreased. Figure 9 shows the e ects of local site condition on inelastic spectral displacement for an event with moment magnitude of 6 in Zagros zone. Figure 10 shows distance attenuation of the estimated inelastic spectral displacement at a soil site condition for a period of 0.5 sec and strength reductions of 4 and 8 in Zagros zone. Figure 12 shows distance attenuation of the estimated inelastic spectral displacement at 
Comparison
There are a few GMPEs for constant-strength inelastic spectral displacement. Tothong and Cornell [2] proposed a GMPE for inelastic spectral displacement as a function of moment magnitude and predicted median strength reduction factor (R). The model proposed by Tothong and Cornell [2] is expressed in following 
where: R   1  1  1  2  2  2  4  4  4  6  6  6  8  8  8  T (sec)TTTTT In Eqs. (6)- (8) [27] , Ambraseys et al. [13] , Ghodrati Amiri et al. [8] , Ghasemi et al. [28] , Sa ari et al. [29] , and Hassani et al. [30] . Elastic GMPEs are used to obtain elastic displacement. These elastic GMPEs are classi ed in two categories. The rst group includes equations that were obtained based on Iran earthquakes [8, [28] [29] [30] . In the second group, equations were obtained using some of the events that occurred in Iran [13, 26, 27] . Also, Shoja-Taheri et al. [31] showed the two NGA models of Boore and Atkinson [27] and Campbell and Bozorgnia [26] had good agreement with Iranian dataset.
The results of comparison between the equation proposed in this study for Iran zone and the equation proposed by Tothong and Cornell [2] are shown in Figure 13 . In Figure 13 , strength reduction factor is equal to 4. As can be seen, in rock and sti soil sites in the range of long periods, the estimated inelastic displacement from the equation proposed in this study is larger than those from other equations. From results of comparison, it could be concluded that the Boore and Atkinson model [27] is appropriate to estimate inelastic displacement by using Tothong and Cornell [2] model in soft soil sites. But, the model proposed by Campbell and Bozorgnia [26] overestimates the inelastic displacement in near-fault region for soft soil sites.
The results of comparison between the equations proposed in this study for Alborz-central Iran and Zagros zones and Tothong and Cornell model [2] have been presented in Figures 14 and 15 . As shown in Figure 14 , inelastic displacements, which are estimated by using the Tothong and Cornell [2] model, are lower than the estimated values by the equation proposed in this study for Alborz-central Iran zone.
Based on Figure 15 , the model proposed by Sa ari et al. [29] is appropriate to estimate inelastic displacement in Zagros region in rock sites.
Hassani et al. [30] used the same dataset to propose a GMPE for elastic spectral acceleration. To nd out the reason for the di erence between results of the model by Hassani et al. [30] and the equations proposed in this study, we compare the inelastic displacement ratios computed by this study and the model proposed by Tothong and Cornell [2] . Also, the results are compared with the model proposed by Ruiz-Garc a and Miranda [3] .
Inelastic displacement ratio, C R , is de ned as the maximum lateral inelastic displacement demand, inelastic , divided by the maximum lateral elastic displacement demand, elastic , in systems with the same mass and initial sti ness when subjected to the same earthquake ground motion [3] . C R is de ned as: 
inelastic is computed in systems with a constant strength (R).
Inelastic displacement ratio for M w = 5:5, 6.5, and 7 in site conditions 1, 2, and 3 for each model is computed and shown in Figure 16 . In Figure 16 , strength reduction factors are equal to 4. The results show that inelastic displacement ratios computed by Tothong and Cornell [2] are lower than those by the other models. Thus, this low estimation of inelastic displacement ratio is one of the reasons for the difference between results of this study and Hassani et al. [30] and the other model at high periods. This result is expected because the model of Tothong and Cornell [2] was developed for bilinear oscillators with 5% hardening sti ness ratio.
Also, in this study, curve tness process is carried out by using the components which have maximum spectral displacement; but, Hassani et al. [30] used geometric mean response spectra of two horizontal components and this is the other reason for the difference between the results of this study and Hassani et al. [30] .
Conclusion
This paper presents new Ground Motion Prediction Equations (GMPEs) for inelastic spectral displacement in Iran. The proposed relations have been derived based on the records of the earthquakes in Iran and they can be used in both probabilistic and deterministic seismic hazard analyses to create inelastic design spectra, which have several advantages compared to elastic design spectra. The main characteristics of the proposed relations can be listed as follows: Figure 16 . Comparison between inelastic displacement ratios computed by the equation proposed in this study for Iran and the equations proposed by Ruiz-Garcia and Miranda [3] and Tothong and Cornell [2] . In the rst row, M w = 5:5, in the second row, Mw = 6:5, and in the third row, Mw = 7. First-column site: type 1; second-column site: type 2; and third-column site: type 3. Strength reduction factor is equal to 4. Site to source distance is equal to 20 km. of causative faults have been registered only for a limited number of records. Therefore, fault type and other related parameters have not been considered in the proposed relations.
To evaluate the proposed relations, they have been compared with those proposed by other researchers. There are a few equations for estimation of constant-strength inelastic spectral displacement. The model of Tothong and Cornell [2] is the only one which relates earthquake magnitude to inelastic displacement ratio. In this model, elastic displacement should be estimated by use of elastic GMPE. For comparison, elastic displacement of Tothong and Cornell [2] model is obtained by conducting several elastic GMPEs. The results show the proposed relation for Iran underestimate inelastic spectral displacement in high periods range compared to Campbell and Bozorgnia [26] and Boore and Atkinson [27] in soft soil site condition. Also, it is notable that there is signi cant di erence between the results of this study and Hassani et al. [30] . To explain these di erences, inelastic displacement ratio of this study is compared with those of Tothong and Cornell [2] and Ruiz-Garcia and Miranda [3] .
However, the compared results for inelastic displacement ratio show a good agreement between the results of this study and the proposed equations by Ruiz-Garcia and Miranda [3] . In addition, it has been found that the values of inelastic displacement ratio computed by Tothong and Cornell [2] are generally lower than the corresponding values obtained by other models. Thus, the underestimation of inelastic displacement ratio could be one of the main reasons for the observed di erence between the results of this study and those of Hassani et al. [30] . Also, in this study, curve tness process has been carried out by using the components with maximum spectral displacement, while Hassani et al. [30] used geometric mean response spectra of two horizontal components. 
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